On the Charged Higgs Bosons Effects in the Top 

Quark Decays 

M. Mohammadi Najafabadi* 

Department of Physics, Sharif University of Technology 
P.O. Box 11365-9161, Tehran-Iran 
and 

Institute for Studies in Theoretical Physics and Mathematics (IPM) 
School of Physics, P.O. Box 19395-5531, Tehran-Iran 



Abstract 

The collider experiments at the Tevatron and the LHC provide us the possibility of 
probing the existence of a light charged Higgs boson. In this paper we study semi-leptonic 
decay of a polarized top quark via the charged Higgs boson (t(|) — ► H + b — > l + uib). It is 
shown that the asymmetry or spin correlation coefficient of the charged lepton depends on the 
tan (3 and M H ± and is quite different from the Standard Model. This sensitivity of asymmetry 
to tan (3 and Mjj± could be utilized in the experimental searches for the light charged Higgs 
for separation of the signal from backgrounds in the tt — > H + W~bb — > r + v T l~ i>ibb (and vice 
versa). It might be useful for obtaining better bounds in the (tan /3, Mjj± ) plane too. 
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1 Introduction 



The Standard Model of the particle physics has been found to be in a good agreement with the 
experimental observations with almost a high precision. However, except for the Higgs boson 
of the Standard Model which has not been observed yet, there are some other problems which 
directs physicists to a beyond Standard Model theory. Some of the problems are mentioned 
below: Gravitational interactions are not included in the Standard Model, within the Standard 
Model there is no candidate for the dark matter and there are some problems with the divergence 
of Higgs mass. 

Presently, the Minimal Supersymmetric Standard Model (MSSM) is the main candidate for 
the unified theory beyond the Standard Model p. The MSSM contains a two-Higgs doublets 
sector in which one doublet couples to the up-type quarks and neutrinos and the other doublet 
couples to the down type quarks and charged leptons ^H]. 

Search for Supersymmetry in the nature is one of the main tasks of the experiments at 
colliders and non-accelerator experiments. However, there are still no any direct indications on 
the existence of Supersymmetry satisfying all theoretical and experimental requirements. The 
scale of supersymmetry breaking might be around 1 TeV which allows the Tevatron and the 
LHC to explore supersymmetry. The MSSM has been predicted the existence of the charged 
Higgs boson. There have been many searches for the charged Higgs boson at the LEP and the 
Tevatron and search for charged Higgs is one of the main tasks at the LHC @J El E] ■ The 
production of ti pairs, with theoretical production cross section of 6.7 pb (at the Tevatron) and 
830 pb (at the LHC), may offer a large source of charged Higgs production. If kinematically 
allowed, the top quark can decay to H + b, competing with the SM decay mode t — > W + b 0. 
This mechanism not only provide a large production rate, in particular at the LHC, but also a 
clean signature for the light charged Higgs Ej • The results of direct and indirect searches for 
the charged Higgs at the LEP and the Tevatron excluded the region of m^± < 80 — 90 GeV/c 2 
(assuming H + — > r + v T and H + — > cs) and the very low values of tan/3 (tan/3 < 1) [3J|S]. 

In this paper, we study the dependency of the asymmetry or spin correlation coefficient of the 
charged lepton produced from a charged Higgs in the decay of a polarized top quark on the mass 
of the charged Higgs and tan /3. Asymmetry of the charged lepton is strongly dependent on m#± 
and tan/3 and could be used in separation of the signal from backgrounds in the experimental 
searches and for extracting some bounds on the (tan /3, Mjj± ) plane. 

This paper is organized as follows: Section 2 gives a brief description of the top quark spin 
correlations at hadron colliders. Section 3 is dedicated to present the results of t(|) — > H + b — > 
l + uib. Section 4 concludes the paper. 



2 The top spin correlations at hadron colliders 



The top quark is the heaviest fermion in the Standard Model with the mass of 175 GeV/c 2 . 
Such a large mass leads to a very short life time (4 x 10 -25 s) which is one order of magnitude 
smaller than the QCD hadronization time scale (3 x 10 _24 s). Therefore, unlike the other quarks 
it decays before hadronization and its spin information is transferred to its final products. The 
dominant SM decay chain is £ — > W + b — > l + vib,qq'b. 

The angular distributions of the final products of a spin-up top quark are simply linear in 
the cosine of the decay angles: 
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where Oi is the angle between the iih. decay product and the spin vector of the top quark in 
the rest frame of the top quark and on is called asymmetry or spin correlation coefficient. The 
charged lepton and the down type quarks are maximally correlated with the top quark spin with 

ai, d = i Bang. 

It is well known that top quarks produced at hadron colliders are scarcely polarized. As 
a result, the correlations between top spin and anti-top spin in the tt is considered [Hl^J. In 
order to illustrate we consider the dileptonic decay of the tt events in hadron colliders: 

PP,PP->tt + X->l + l'- + X, (2.2) 

The double differential angular distribution of the leptons coming form the top and anti-top in 
the ordinary SM is [SI : 

1 d 2 a 1 N\\ - N x 

~1 T~a a~ = t(1 + «cos^+cos^/-) , k = a l+ a v - x — — — — . (2.3) 
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where is the angle between the direction of the in the rest frame of the t(t) 

and the t(t) direction in the tt center of mass. Nn is the number of top pair events where both 
quarks have spin up or spin down and iV x is the number of top pair events where one quark is 
spin up and the other is spin down. Eq. (|2.3|) shows the strong dependence of the experimental 
observable, k, to the asymmetry (cti). For the ti production at the Tevatron and the LHC, the 
SM predicts (N\\ — N X )/(N\\ + N x ) = 0.88,0.33, respectively. In [S], it has been shown that n 
will be measured very precisely at the LHC. 

3 The decay of -> H+b -> l + u t b 

The Lagrangians describing the H + tb and H + lv vertices in the MSSM read as follows 0: 

Cfftb = 1=-^ H + i (mt cot [}Pl + m b tan (3Pr) b + h.c, 

C H iv = — 7= H + uiP R l + h.c, (3.4) 

V 2,mw 



where Pl,r = 2 5 are ^ ne cri i ra l projection operators, Vtb is the CKM element which is set 
to one in the rest of this work. Because charged Higgs couplings are proportional to fermion 
masses, the decays to the third generation of the quarks and leptons are dominant. In particular, 
for the light charged Higgs coming from a top quark when tan (3 is large enough (tan (3 > 4 — 5), 
BR(H + — * t + v t ) ~ 1, which is an apparent breakdown of the e — fi — r universality Fig^ 
shows the branching fractions of the charged Higgs boson as a function of tan j3 corresponding 
to four different values of the charged Higgs boson mass . 
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Figure 1: The branching fractions of the charged Higgs boson as a function of tan/3 for four 
values of the charged Higgs mass ^2] . 



Using the Lagrangians from Eq. (|H.4j) . the squared matrix element for the reaction t(pi) — ► 
H + (q) + b{p2) —> l + {k\) + viikz) + b{p2) has the following form: 

t— -r2 16GI tan 2 8ml , , 

x (2m t 2 mj + pi.p2(mf cot 2 /? + m 2 tan 2 /3) + mtP2-s(mf cot 2 /3 — m 2 tan 2 /?)) , (3.5) 
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where = g ^ is the Fermi constant, = (0, s) is the polarization four- vector of the 
top quark, mjj and are the charged Higgs mass and the full width of the charged Higgs, 
respectively. 

After following the same method as used in |13l I14j and performing some algebra the double 



differential {x — 61), energy- angular, distributions in the point-like four fermion limit is: 

A = 4r 2 + (1 +r 2 - n)(cot 2 /3 + r 2 tan 2 /3), 

5(x) = (ri-r 2 + l i -)(cot 2 /3-r 2 tan 2 /3), 

x 



ri = — §■ , r 2 = — | , — — < x < 1, (3.6) 



m 2 

to 2 m[ 

where x = 2 ^, 22; is the energy of the charged lepton, and 9[ is the angle between the spin of 
the top quark and the momentum of the lepton in the rest frame of the top quark. In deriving 
Ea. p.Gf) . the narrow width approximation of the charged Higgs has been used: 

' 7 Kf-ml). (3.7) 
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It is more useful to express the Ea. (|3.6|) in the following way: 



dx d cos 0\ dx 2 
where ai(x), correlation coefficient or asymmetry, is: 



d r dT 1 . . . . , 

— x -(1 + qj(x)cos^), (3-8) 



«i(x) = (3.9) 
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Figure 2: Left: Asymmetry as a function of the charged Higgs mass. Right: Asymmetry as a 
function of tan (5. 



In the ordinary standard model and in the limit of vanishing the lepton masses, on is inde- 
pendent of x and is equal to one ^U]. As a result of Ea. (|3.8|) . the angular distribution of the final 
charged lepton in the decay of a polarized top via a charged Higgs is linear in cosine of the decay 



angle, the same form as the ordinary Standard Model, except for the case that tan/3 = w 

Therefore, an interesting observation is that when tan/3 = — 6.0 the angular distribution 

of the final charged lepton is not linear in cos 61 and is constant. 




Figure 3: The distribution of ±-, — a d 7 a for -» ^+^"66 -> /+/'-&& (Left), tt -» 

° ct a cos c/j-|_a cos s> <" 

-> T + v T l-vibb (Middle) with tan/? = 20 and m H = 140, The difference of the Middle 
and the Left distributions (Right). 



According to Ea. l|3.6|) and Eq. H3.8j) the asymmetry, ai, depends on the charged Higgs mass 
and tan/3. After integration over x in Ea. (|3.6|) a.\ can be extracted, FigO] shows the dependence 
of the on on the uih and tan (5. It is clear that there is a significant difference from the Standard 
Model. According to the recent searches for the light charged Higgs in ti — > H^W^bb — > 
t u T Puibb 0, the most dangerous background is tt — ► W + W~bb (with at least one 
decaying leptonically) . 

Fig'El shows the distributions of the Ea. (|2.3jl for the Standard Model case in the dileptonic 
decay mode (left), for the tt — * H + W~bb — * T + v T l~vibb with tan/3 = 20 and m# = 140 (the 
middle distribution) and the distribution in the right side shows the difference of the middle 
and the left distributions. According to the right distribution in FigEl i n the case of tt — ► 
H + W~bb — > T + v T l~Uibb events prefer to be in the regions of cos#;+ > and cosfy/- > rather 
than the Standard Model case. Therefore, constructing the distribution of Ea. l|2.3jl and applying 
some optimal cuts on the cosfy+ and cos By- might suppress the tt — > W + W~bb — * l + l'~bb 
background and leads to a better significance and cleaner signal in the searches for the charged 
Higgs produced in the ti. Measurement of the k in Eq. (|2,3|) can help to achieve some new bounds 
on the (tan (3, M H ± ) plane. 



4 Conclusion 



The angular distribution of the produced charged lepton (t^) in the decay of a polarized top 
quark via a charged Higgs was studied. The same as the Standard Model, this distribution is 
linear in cosine of the angle between the spin of the top and the momentum of the charged 
lepton except for the case of tan/3 = . The asymmetry, which is somehow experimentally 
observable, is dependent on the m H ± and tan (3 and differs from the Standard Model value 
significantly. In the study of the light charged Higgs generated from tt at the hadron collider, 
in particular at the LHC with a lot of tt events (eight millions per year), the ti spin correlation 
can help seriously to suppress backgrounds. It also might be useful to obtain bounds on the 
(tan/3, Mjj±) plane. 
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